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,QWURGXFWLRQ
$XVWHQLWLFVWDLQOHVVVWHHOZHOGVDUHZLGHO\XVHG WR MRLQ WKHSUHVVXUL]HUVXUJHOLQHSLSHVRI WKHSUHVVXUL]HGZDWHU
UHDFWRUV6XFKZHOGVW\SLFDOO\FRQWDLQFHUWDLQDPRXQWVRIIHUULWHWRSUHYHQWKRWFUDFNLQJDVZHOODVWRDFKLHYHKLJKHU
VWUHQJWK >@ ,Q DGGLWLRQ WR ZHOGV FDVW DXVWHQLWLF VWDLQOHVV VWHHOV &$66V KDYH EHHQ XVHG LQ SULPDU\ SUHVVXUH
ERXQGDU\ FRPSRQHQWV RI QXFOHDU SRZHU SODQW 133 XWLOL]LQJ WKHLU KLJK VWUHQJWK DQG JRRG FRUURVLRQ UHVLVWDQFH
+RZHYHUEHFDXVHRIWKHH[LVWHQFHRIIHUULWHVDXVWHQLWLFVWDLQOHVVVWHHOZHOGVDQG&$66DUHVXVFHSWLEOHWRWKHUPDO
DJLQJHPEULWWOHPHQWGXULQJORQJWHUPH[SRVXUHWRVHUYLFHWHPSHUDWXUHRI133>@7KHUHIRUHWKHGHJUDGDWLRQRI
PHFKDQLFDOSURSHUWLHVVXFKDV WHQVLOHDQGIUDFWXUH WRXJKQHVV WHVWVFDXVHGE\WKHWKHUPDODJLQJVKRXOGEHSURSHUO\
HYDOXDWHG












SXUSRVH &)0 ZLWK  YRO  IHUULWH ZDV DOVR LQFOXGHG LQ WKH VWXG\ 7KH FKHPLFDO FRPSRVLWLRQV DQG IHUULWH
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2.2. Experiment 
7KHWHVWPDWHULDOVZHUHWKHUPDOO\DJHGDWR&IRUKLQDLUHQYLURQPHQW7KHDJLQJWHPSHUDWXUHR&










DERYH +5&  LV XVHG ,Q RUGHU WR SUHYHQW R[LGDWLRQ RI WKH VSHFLPHQV 63 WHVWV ZHUH SHUIRUPHG LQ D YDFXXP













LQ )LJV  DQG  7KH WHQVLOH VWUHQJWK DQG HORQJDWLRQ RI WKH XQDJHG ZHOG PDWHULDOV DUH ZLWKLQ WKH $60(
VSHFLILFDWLRQUHGOLQHLQ)LJ$VVKRZQLQWKHILJXUHVDIWHUKDJLQJDWR&FKDQJHVLQWHQVLOHSURSHUWLHV
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DUHREVHUYHGIRUDOOWHVWPDWHULDOV,QFDVHRIWKH(5DQG(5ZHOGVWHQVLOHVWUHQJWKLQFUHDVHGXSWR03D
ZKLOHHORQJDWLRQGHFUHDVHGE\)RU&)0WKHFKDQJHZDVPXFKELJJHUVXFKWKDWWHQVLOHVWUHQJWKLQFUHDVHGXS








DJLQJ 6LPLODU EHKDYLRXU ZDV DOVR REVHUYHG DW  R&0HDQZKLOH WKH GHFUHDVH LQ IUDFWXUH UHVLVWDQFH ZDV OHVV
VLJQLILFDQWIRU(5ZHOGVDIWHUDJLQJDWR&IRUKERWKDWURRPWHPSHUDWXUHDQGR&,WLVLQWHUHVWLQJ
WKDW WKH IHUULWH FRQWHQW DQG WHQVLOH SURSHUW\ FKDQJH DUH VLPLODU IRU (5/ DQG (5 ZHOGV EXW WKH IUDFWXUH












UHJLRQDQG)HULFKUHJLRQIRUPHGE\ WKHVSLQRGDOGHFRPSRVLWLRQ>@)RUPDWLRQRI WKH&UULFKĮĜSKDVH LQ










3.3. Small punch test and development of correlations 
7KHPD[LPXPORDGYDOXHVRI63WHVWDUHXVHGWRGHYHORSWKHFRUUHODWLRQZLWKWHQVLOHVWUHQJWK)LJVKRZVWKH
UHODWLRQVKLSEHWZHHQWHQVLOHVWUHQJWKDQGWKHPD[LPXPORDGPHDVXUHGLQWKHVPDOOSXQFKWHVW3UHYLRXVO\0DRHWDO
KDYH GHULYHG DQ HPSLULFDO OLQHDU UHODWLRQVKLS EHWZHHQ 63 ORDG DQG WHQVLOH SURSHUWLHV >@ &XUUHQWO\ WHQWDWLYH
FRUUHODWLRQLVSURSRVHGIRUVWDLQOHVVVWHHOZHOGVDQG&)0DVIROORZLQJHTXDWLRQ
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ZKHUH63(VPDOOSXQFKHQHUJ\LVDUHDXQGHUWKHORDGGHIOHFWLRQFXUYHrDQGtUHSUHVHQWUDGLXVRIVPDOOSXQFKEDOO
DQGVSHFLPHQ WKLFNQHVV UHVSHFWLYHO\$W WKH VDPH WLPHı<6DQGn DUH WKH\LHOG VWUHQJWKDQGKDUGHQLQJH[SRQHQW
IURPWHQVLOHWHVWVɂതLVHTXLYDOHQWVWUDLQH[SUHVVHGDVDIXQFWLRQRIDQJOHVĮȕ>@
 
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0HDQZKLOHDQJOHVĮDQGȕDUHUHODWHGE\WKHIROORZLQJWKHHTXDWLRQ>@
VLQ Į  VLQ ȕ r
b
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
,Q WKLV VWXG\ UDGLXVRIEDOO LVPPZKLOHDQJOHȽLV VHW WRYDOXHV UDQJLQJ IURP WRR7KHYDOXH IRUb
GHILQHGDV WKHHIIHFWLYHVSHFLPHQUDGLXVZDVPP$VVKRZQLQ)LJ ILWWLQJ WKHYDOXHVRIįDQGHTXLYDOHQW
VWUDLQE\DSRO\QRPLDOH[SUHVVLRQDUHODWLRQVKLSEHWZHHQįDQGHTXLYDOHQWVWUDLQLVREWDLQHGDVIROORZV
İ į į    
7KHQWKH-LQWHJUDOLVH[SUHVVHGDV
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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)LJ&RUUHODWLRQEHWZHHQPD[LPXPORDG3PD[LQ63WHVWVDQGWHQVLOHVWUHQJWKı876
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7KLVSURFHVV WR FDOFXODWH -& LV WHUPHGPRGLILHG HQHUJ\PHWKRG 0(0SURSRVHGE\<DQJ HW DO >@ )LJ 
VKRZVWKHUHODWLRQEHWZHHQ-&REWDLQHGIURPVWDQGDUGWHVWDQGWKDWIURP0(0$OLQHDUUHODWLRQVKLSFRXOGEHILWWHG
DVWKHIROORZLQJHTXDWLRQ













WHQVLOH VWUHQJWK DQG UHGXFWLRQ LQ HORQJDWLRQZDVPRGHUDWHERWKDW URRP WHPSHUDWXUH DQG R&0HDQZKLOH IRU
&)0WKHFKDQJHVLQWHQVLOHSURSHUW\ZHUHVRPHZKDWJUHDWHU7KHODUJHUUHGXFWLRQRIGXFWLOLW\IRU&)0FRXOGEH
UHODWHG WR WKH KLJKHU IHUULWH FRQWHQW  YRO  FRPSDUHG WR WKDW RI 66 ZHOGV  YRO  &RQVHTXHQWO\











7KLV VWXG\ZDVPDLQO\ VXSSRUWHGE\ WKH.RUHD+\GUR DQG1XFOHDU 3RZHU&R/WG DV WKH3URDFWLYH0DWHULDO
$JLQJ0DQDJHPHQW3URMHFW)LQDQFLDO VXSSRUW IRU WZRRI WKHDXWKRUV LVSURYLGHGE\ WKH%.3OXV3URJUDPRI WKH
06,3RIWKH5HSXEOLFRI.RUHD
5HIHUHQFHV
>@ 2.&KRSUD DQG$6DWKHU ,QLWLDO DVVHVVPHQWRI WKHPHFKDQLVPVDQGVLJQLILFDQFHRI ORZWHPSHUDWXUH HPEULWWOHPHQWRIFDVW VWDLQOHVV
VWHHOVLQ/:5V\VWHPV185(*&5$UJRQ1DWLRQDO/DERUDWRU\
















>@ 0 . 0LOOHU - %HQWOH\ $3),0 DQG $(0 LQYHVWLJDWLRQ RI &) DQG &)0 SULPDU\ FRRODQW SLSH VWHHOV 0DWHULDOV  6FLHQFH DQG
7HFKQRORJ\
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